Abstract Metabolic glycoengineering is a specialization of metabolic engineering that focuses on using small molecule metabolites to manipulate biosynthetic pathways responsible for oligosaccharide and glycoconjugate production. As outlined in this article, this technique has blossomed in mammalian systems over the past three decades but has made only modest progress in prokaryotes. Nevertheless, a sufficient foundation now exists to support several important applications of metabolic glycoengineering in bacteria based on methods to preferentially direct metabolic intermediates into pathways involved in lipopolysaccharide, peptidoglycan, teichoic acid, or capsule polysaccharide production. An overview of current applications and future prospects for this technology are provided in this report.
Introduction to metabolic engineering and glycoengineering
In the broadest sense, metabolic engineering aims to direct changes in cellular properties by modifying existing cellular pathways or by introducing new ones and stresses the importance of metabolic pathway integration and the use of metabolic fluxes as determinants of cell physiology and a means of metabolic control. More specifically, this article complements metabolic engineering approaches designed to expand the substrate ranges of certain organisms and produce metabolites that are either new to just the host cell [1] [2] [3] or to all of biology [4, 5] . Attempts to manipulate metabolic pathways in order to improve properties and productivity of microorganisms began with the use of chemical mutagenesis and creative selection techniques. The discovery of molecular biological techniques for DNA recombination further ignited the field as the newfound ability to use genetic engineering tools to make precise changes to specific enzymes along a metabolic pathway spurred a wide range of metabolic engineering applications. For example, metabolic engineering has been used to boost the productivity and yield of native products produced by microbes [6] [7] [8] [9] , improve general cellular properties such as the ability to withstand hypoxic fermentation conditions [10] , and prevent overflow metabolism [11] .
This article focuses on a sub-specialty of metabolic engineering typically referred to a Bmetabolic oligosaccharide engineering^(MOE [12] [13] [14] ) or Bmetabolic glycoengineering( MG [15, 16] or MGE; the latter term will be used throughout this review)). As outlined in Fig. 1 , MGE efforts most often seek to install non-natural monosaccharides into the glycans of living organisms but can also control the rates of flux of natural metabolites through biosynthetic pathways. This technology was first demonstrated in mammals over 20 years ago [19, 20] when comparable metabolic engineering endeavors in microbes were not focused on sugars but rather largely explored the biosynthetic incorporation of non-natural amino acids to expand protein structure and function [21] [22] [23] . While a limited number of nonnatural amino acid analogs were tolerated and incorporated by the existing natural t-RNA synthetases (e.g., azidohomoalanine [21] ), the metabolic incorporation of most non-natural amino acids required complementary mutations to the corresponding t-RNA synthetase [24] [25] [26] [27] .
Conceptually, MGE is very similar to efforts to metabolically install non-natural amino acids into proteins insofar as it involves incorporation of non-natural small molecule building blocks (i.e., monosaccharides instead of amino acids) into larger biopolymers (i.e., oligo-and polysaccharides instead of peptides and proteins). The complexity of the dual tasks of simultaneously manipulating the enzymes involved in protein biosynthesis and altering metabolic flux with small molecules rendered non-natural amino acid-based protein engineering in bacterial systems as a rather arduous task. Subsequently, the sugar-based MGE technology evolved along a considerably different path largely bypassing bacteria during its early stage development but instead flourished in eukaryotes where incorporation of non-natural sugar analogs into biomacromolecules occurred without the need to Btweakt he biosynthetic machinery [13, 15, 19, 28, 29] .
The next section of this paper (in Section 2) gives an overview of MGE in mammals and provides a synopsis of various factors that have caused this technology to lag in bacteria. Section 3 then describes recent and ongoing developments that are opening new doors for the application of MGE methods in microbes; these include recombinant glycoprotein production and new ways to synthesize oligosaccharides, which are discussed in Sections 4 and 5, respectively. The chapter will then conclude with future prospects in Section 6.
Challenges for MGE in bacteria MGE was pioneered in mammals
In the early 1980s, observations that changes in sialic acid metabolism played a role in carcinogenesis led to attempts to inhibit sialic acid production [30] . Based on consolidating A sampling of R groups include those with (d) extended alkyl groups and even ring structures and (e) those bearing unique chemical functionalities not normally found in glycans such as ketones, azides, alkynes, thiols, and diazarine, as shown biochemical knowledge that N-acetyl-D-mannosamine (ManNAc) is the first committed metabolic intermediate in the sialic acid pathway [31] , fluoro analogs of ManNAc were designed to inhibit the biosynthesis of this sugar but instead, metabolic incorporation of the corresponding glycosides into cell surface components was observed [32, 33] . Efforts to inhibit glycosylation using MGE-inspired approaches eventually met with a degree of success-for example, disaccharide analogs inhibit glycosylation pathways as well as specific sialylated glycan motifs such as sialyl lewis X [34, 35] and ManNAc analogs inhibited polysialic acid production [36, 37] . More significantly, however, the very early experiments that showed metabolic utilization of the non-natural analogs instead of enzyme inhibition ultimately led to the realization that ManNAc analogs designed to block the sialic acid pathway instead opened the door to what has now become the robust field of MGE. At the start of the 1980s ManNAc analogs were already under investigation by Reutter, Cerný, and colleagues [38] and by the late 1980s enzyme-based assays performed by Brossmer and others showed that sialyltransferases had substantial permissivity for installation of non-natural sialic acids into glycans [39] [40] [41] . Reutter and colleagues built on these results and proved that ManNAc analogs with extended N-acyl groups could be used to deliberately modify the cell surfaces or mammalian cells both in vitro and in living animals [19, 20, 42] . The permissivity of the sialic acid pathway evident in both living cells and in rodents in the early experiments from 25 years ago allowed MGE to progress rapidly in mammalian systems. This technology ultimately resulted in ManNAc analogs bearing a diverse repertoire of chemical functional groups including hydroxyls [43] , thiols [44] , azides [45] , ketones [46] , phenyl aryl azides [47] , diazarines [48] and even highly fluorinated anti-adhesive alkyl chains [49, 50] to be introduced onto the cell surface via non-natural forms of sialic acid. In addition, pathways that install GlcNAc, GalNAc, and fucose into glycoconjugates have been exploited for MGE in mammalian cells [15] . By contrast, MGE in prokaryotes progressed slowly and remains rather paltry by comparison in part because this approach provided a remarkably easy method to incorporate non-natural sugar analogs into biomacromolecules of almost any mammalian cell line and in part because development of this technology in bacteria was considered to be of lower priority compared to perceived high value human systems-for example, for the diagnosis or treatment of cancer [46, 51, 52] . As a result, the usual Bdevelop-the-basic-technology-in-easy-to-manipulate-prokaryotes-before-moving-on-tomore-complex-eukaryote-and-mammalian-systems^progres-sion of biological research was skipped over during the evolution of MGE. However, as will be discussed below, there also are legitimate underlying biological as well as practical and technical issues that have slowed and sometimes completely thwarted the use of MGE in bacteria.
Bacterial glycosylation is dramatically different than mammalian glycosylation
Introduction to bacterial glycans A brief overview of glycans found in Gram-positive and Gram-negative bacteria will be given in order to orient the reader with regards to targeting prokaryotic poly-and oligosaccharide structures. Understanding the fundamental differences between Gram-positive and Gram-negative bacteria is of critical importance for developing effective MGE strategies for purposes ranging from initiating immune response against carbohydrate antigens associated with pathogenic microbes to disrupting their ability to adhere to mammalian cellular surfaces or for using bacteria as hosts for recombinant glycoprotein production. Although the categorization of bacteria into Gram-positive and Gram-negative by no means encompasses all nuances of prokaryotic diversity, this classification underscores very important and distinct structural features that distinguish these two broad categories of bacteria that-pertinent for MGE efforts -mainly stem from differences in carbohydrate structures.
Bacteria peptidoglycans
Both Gram-positive and Gram-negative bacteria contain similar peptidoglycan chemical structures-specifically, a repeating dissacharide unit consisting of (β1-4) linked Nacetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) coupled to a peptide chain that is crosslinked with other peptide chains in order to form a 3-D mesh-like structure ( Fig. 2a and b) . One of the most striking differences between Gram-positive and Gram-negative bacteria, however, is the thickness of this peptidoglycan layer that can range anywhere from 30 to 100 nm for Gram-negative bacteria while this layer is much thinner, at only a few nanometers, for Gram-positive bacteria. A basic understanding of the peptidoglycan structure has been known for decades and disrupting cell wall peptidoglycan synthesis forms the basis of many important classes of antibiotics. Indeed, by inhibiting peptidoglycan crosslinking in a way, pioneering antibiotics such as penicillin could be considered to be early MGE agents. Today, there many ongoing efforts to provide new insights into the structural nuances and complexities of bacterial wall structure to maintain and improve the effectiveness of these important medicines. For example, recent efforts using atomic force microscopy have begun to unravel the spatial organization of the peptidoglycan layer revealing concentric ring like structures oriented in planes perpendicular to the long axis of the cell (Fig. 2a-c ) [53] as well as nuances of covering lipopolysaccharide structures ( Fig. 2d and additional discussion below) .
An exclusive feature found in Gram-positive bacteria is the presence of wall teichoic acids (WTAs), which are anionic glycopolymers that are covalently attached to the peptidoglycan layer via a phosphodiester bond with the C6 hydroxyl group of N-acetylmuramic acid carbohydrates (Fig. 3a) . While the structures of WTAs can differ, the most common meme for WTAs consists of a ManNAc (β1→4) GlcNAc disaccharide linked to the peptidoglycan layer followed by a polymer of either glycerol or ribitol phosphodiester repeats [54] . WTAs, along with lipteichoic acids (teichoic acid linked to fatty acids via gentiobiose, Fig. 3b ), can account for as much as 60 % of cell wall mass in Gram-positive bacteria. The abundance of teichoic acids suggests that they have a role in crucial functions that allow Gram-positive bacteria survive and proliferate in a wide range of potentially hostile environments. Adhesins, which are proteins on the surface of bacteria such as S. aureus that help to adhere to host tissue, are ionically linked to WTAs. In addition to providing a site for surface proteins to bind ionically, teichoic acids also play a role in maintaining cell wall rigidity and help regulate cell wall growth and degradation (Fig. 4) [54] .
Outer membrane and polysaccharide capsules and an extended polysaccharide from the inner core that is called the O-antigen that consists of sugar moieties common to the host (i.e., mammalian monosaccharides, Fig. 5a ) as well sugars unique to the bacteria (Fig. 5b) . The presence of Bnonhuman^monosaccharides renders LPS and LOS potently immunogenic (hence the name BO-antigen^) and these molecules-which are broadly known as endotoxins -constitute the primary epitopes responsible for sepsis.
A final carbohydrate structure, found on both Gram-positive and Gram-negative bacteria, is a polysaccharide capsule with versatile protective functions for the microbe ranging from evasion of detection from the host immune system to prevention of dessication to assisting with cellular adhesion. Polysaccharide capsules consist of a variety of different repeating acidic carbohydrate monomers and a specific type of bacteria may produce a wide array of different capsules; E. coli, for instance, produces over 70 different types of capsules [55, 56] . Although the types of capsules are diverse in structure, sugars found in mammals form the basis of common groups; for example Ia consists of hexuronic acids and neutral sugars, Ib contains hexuronic acids and N-acetylated hexosamines, and group II capsules are comprised of hexuronic acid, KDO, and sialic acid along with neutral or amino sugars [57] .
Factors that hinder MGE in bacteria
Now that a brief overview of bacterial carbohydrate architectures has been provided, challenges inherent in using MGE to incorporate non-natural sugars into microbes will be discussed. Some of these features are fairly straight forward-for example, overlying dense capsular structures can bury metabolically incorporated cell wall or LOS analogs, making them inaccessible for display on the cells surfaceand will not be discussed in detail. A sampling of more substantial issues that hinder MGE in microbial systems will be discussed in the following subsections.
Pathways need to be intercepted at different points / with different intermediates, e.g., sialic acid Schilling and coworkers demonstrated that unlike mammalian cells that leverage the substrate flexibility of their sialic acid pathway to allow the use of ManNAc analogs [19] , bacterial cells such as Haemophilus ducreyi were able to process and install the synthetic sialic acid analogs but not their ManNAc precursors [58] . These bacteria apparently lack the ability to synthesize sialic acids de novo but instead express permeases that allow them to scavenge sialic acid from their surroundings and subsequently install them into their glycoconjugates [59, 60] . Goon et al. carried this study further to determine that these bacterial pathways were tolerant to sialic acid analogs modified at the N-acyl position [61] [62] [63] . In fact, the bacteria were even more tolerant to large N-acyl groups than mammalian cells with measurable incorporation of alkyl chains up to 7 carbon units in length [63] ; by contrast the human pathway is limited to a chain length of 5 carbons [64] . Hence while microbial cells may require a modification in the classic MGE techniques (e.g., use of sialic acid metabolic precursors rather than ManNAc, Fig. 6 ) these studies verified that they do possess the necessary flexibility in glycosylation machinery to make MGE feasible. 
SCFA-mediated delivery in bacteria can be limited by esterase activity
The uptake of sugar analogs into cells, which is a necessary prerequisite for a MGE experiment, is generally highly inefficient-for example, a lack of transporters for almost all modified monosaccharides leaves pinocytosis as the most likely route for MGE precursors to enter mammalian cells -and often requires millimolar concentrations. Although some bacteria have permeases that allow them to uptake sialic acid variants directly, the concentration required for these transporters is usually in the one millimolar range, which is at least an order of magnitude higher than acylated (e.g., acetylated or butanoylated) analogs now used in mammalian cells [65] . Furthermore, sialic acid permeases do not facilitate the uptake of the several other types of monosaccharides now used in MGE [15, 66] . As a general method to increase the efficiency of cellular uptake, short chain fatty acids (SCFA), originally acetates, were attached to sugar analogs to make them more lipophilic and hence improve their entry into the cell [34, 52, 67] . These acetylated analogs were metabolized almost 900 fold more efficiently, allowing for robust cellular responses in micromolar concentration ranges [68] . Attempts to further improve cellular uptake by increasing lipophilicity using Bmammalian^sugars shown essentially comprise all monosaccharides that participate in human glycosylation under normal conditions but in many cases they also occur in bacteria. By comparison, only a small sampling of bacterial monosaccharides are shown here longer chain SCFAs like propionate and butyrate groups resulted in 1800 fold and 2100 fold higher fluxes through the sialic acid pathway, respectively when compared to ordinary ManNAc [64] .
It is generally accepted that hybrid SCFA-monosaccharide molecules now widely used in MGE are rapidly hydrolyzed within mammalian cells [69] , allowing the liberated hydroxyl form of the sugar to enter the targeted biosynthetic pathway. However, although bacterial cells have similar esterases and lipases as mammalian cells, studies have shown that the levels and activities of these enzymes towards non-specific substrates are much lower than in mammals and at least some bacteria are not able to process the acetylated analogs [70] . This constraint, however, does not appear to be a universal feature of bacteria as efficient use of Ac 4 GlcNAz has been reported in Helicobacter pylori [71] . Nevertheless, the overall usefulness of SCFA-monosaccharides currently remains unclear because of relatively little investigation of this topic; therefore a case by case assessment is required when planning a MGE experiment with a new strain of bacteria or new type of sugar analogs. In cases where this approach is not feasible, alternative approaches to deliver non-natural monosaccharides efficiently into bacteria may include nanoparticle or liposomal delivery [72, 73] .
Immunogenic carbohydrates are already displayed on bacteria
Besides technical issues that have the potential to hinder the transition of MGE technologies from mammalians systems to bacteria, in some cases underlying biological features of carbohydrate structures pose conceptual barriers. For example, major MGE initiatives in mammals simply appear to not apply to bacteria. There have been ongoing efforts to incorporate non-natural sialic acids into tumor associated carbohydrate antigens (TACAs) to increase the antigenicity of these epitopes by distinguishing them structurally from naturallyoccurring sialosides [74] [75] [76] [77] [78] . Therefore the presence of many non-mammalian, highly immunogenic monosaccharides (Fig. 5 ) in bacteria can render the additional display of nonnatural sugars by MGE moot if the goal is to alert the immune system to the presence on non-self antigens. However, there are critical exceptions where MGE may play a role even in bacteria in this regard; for example as discussed below in Section 3.1.4 installation of non-natural sugar residues into immune-shielding bacterial capsules could hold therapeutic value. In addition, the ability to generate antibodies to nonnatural sugars-either of mammalian or bacterial origins -allows Bpulse-chase^labeling experiments to probe the Non-specific esterase activity Fig. 6 Comparison of MGE of sialic acid in mammalian cells (left [17] ) and bacteria (right [18] ). Exogenously-supplied, non-natural R-modified sugar analogs (with a sampling of R groups provided in Fig. 1 ) used to modulate sialic display in glycoconjugates include the three compounds shown in boxed form, namely Ac 4 ManNAc(R), ManNAc(R), and Neu5Ac(R). For mammalian systems acylated precursors such as Ac 4 ManNAc(R) are preferred for MGE because these compounds are used with 3 orders of magnitude or greater efficiency compared to their non-acylated counterparts (e.g., ManNAc(R)). Non-specific esterases (which are thought to be mostly intracellular but can also be extracellular as shown) convert acylated monosaccharides into their perhydroxyl form (e.g., ManNAc(R), which can then enter that targeted biosynthetic pathways. Interestingly, in mammals the use of the downstream intermediate Neu5Ac(R) is less efficient in mammalian cells than the use of the upstream ManNAc analogs. By contrast as discussed in more detail in the main text, in some prokaryotic systems Neu5Ac(R) are required because many bacteria lack the ability to convert ManNAc to Neu5Ac (step XV); furthermore, even in bacteria that have this ability, esterase activity might be too slow to use peracylated analogs. These type of nuances, which are only now being cataloged for bacteria, require careful planning when considering MGE experiments in prokaryotes. The enzymes shown are: I GlcNAc kinase, II. UDP-GlcNAc 2-epimerase, III. ManNAc Kinase, IV. Sialic acid 9-phosphate synthase, V. CMP-sialic acid synthase, VI. Steroid-sulfatase, VII. ManNAc kinase, VIII. ManNAc-6-P-2-epimerase, IX. GlcNAc-6-P deacetylase, X. Glucosamine-6-P deaminase, XI. GlcN-6-P synthase, XII. Phosphoglucosamine mutase, XIII. GlcNAc-1-P uridyltransferase, XIV. Sialic acid epimerase, XV. Sialic acid synthase, XVI. Sialic acid synthetase, XVII. Polysialyltransferase biosynthesis of targeted glycans following the general procedure outlined by Lemieux and coauthors [79] .
Bacteria provide new opportunities for MGE
As mentioned above in Section 2, while challenges remain in extending MGE to prokaryotes, a sufficient scientific foundation is now in place to apply this technology to several aspects of bacteria that have substantial biomedical or industrial significance. Several of these categories that are currently Bin play^are described below in Section 3.1 with a sampling of future directions outlined in Section 3.2.
Metabolic glycoengineering of bacterial glycans
In 2013, the Center for Disease Control (CDC) released a report stating that resistance to antibiotic regimens causes two million illnesses and 23,000 premature deaths per year [80] . In addition to Bconventional^infections, the increasing prevalence of medical procedures such as organ transplantations or cancer treatments are often associated with infection [81, 82] . All in all, resistance to antibiotics now threatens to unravel over a century's worth of medical advancements. While bacteria are often associated with infection and deleterious consequences, it has become increasingly clear that beneficial bacteria that compromise the Bmicrobiome^have fundamental roles in both maintaining and promoting human health [83] . Many current antibiotic regimens used to fight infection kill broad classes of bacterial types indiscriminately and can damage beneficial bacteria of the microbiome that may take years to recover [84] [85] [86] . Newer paradigms for antibiotic drug discovery strive to achieve highly targeted specificities where pathogenic bacteria are exclusively killed while concomitantly avoiding deleterious side effects brought about by perturbing the beneficial microbiome. In this regard-and although largely speculative at present -MGE provides intriguing and untapped opportunities for selective targeting, imaging, elimination, and eradication of subsets of harmful and pathogenic bacteria while leaving the larger microbiome unharmed. As discussed below in turn, MGE strategies can be envisioned to selectively target LPS, peptidoglycans, and teichoic acids in species-specific ways that, if successful, could enable imaging of bacteria, disruption of their adhesive properties, or ultimately even targeted cell death.
Bacteria-specific pathway targeting into LPS
As discussed above, features of bacterial glycosylation different than human glycosylation has hindered application of MGE to microbes in the past. However, a detailed understanding of bacterial glycosylation pathways and their idiosyncrasies opens the door to MGE strategies that can potentially target bacteria with considerable specificity. For example, the early work by Goon et al. revealed that unnatural sialic acid analogs with elongated N-acyl chains up to seven carbons long were able to be incorporated into O-antigen glycan structures, specifically that of H. ducreyi [63] ; by comparison, Nacyl chains of 6 or more carbons are virtually excluded from the mammalian sialic acid pathway [64, 87] . Targeting of the LPS structure of Gram-negative bacteria with such bacterialspecific carbohydrate precursors (e.g., with 6 or 7 carbon Nacyl chains not tolerated by the human enzymes) or corresponding bioorthogonal handles offers an attractive starting point to probe the role of LPS structures in virulence, adhesion, or the ability of a pathogen to evade host immune detection. Towards this objective, Dumont et al. recently reported a metabolic labeling approach in order to label E. coli LPS Oantigens through azido modification of a KDO moiety in the inner core oligosaccharide [88] which was then used to image the bacteria (Fig. 7) . It is noteworthy that Gram-positive bacteria such as B. subtilis and S. aureus do not utilize KDO in their cell walls, thus the KDO engineering strategy employed by Dumont et al. may provide a way to image or deliver drugs to selective types of bacteria. Incorporation of bioorthogonal handles in LPS structures provides a potential technology platform for the in vivo imaging of bacteria to aid in early detection of clinical infections, a reactive site that could be exploited for drug delivery, or in a different context, a method to isolate and purify Gram-negative bacteria for industrial purposes.
Bacteria-specific pathway targeting into peptidoglycans
Seminal work from Sadamoto and coworkers [89] [90] [91] [92] , focused on chemically engineering a set of synthetic peptidoglycan precursors that could be incorporated into bacterial cell walls in order to install a fluorescent moiety, modulate growth inhibition, and adhesion. By utilizing UDP-MurNAc pentapeptide derivatives, Sadamato and coworkers were able to metabolically incorporate the MurNAc analogs into bacteria peptidoglycans. It has been proposed that through the use of UDP-MurNAc precursors that can transverse through bacterial cellular machinery and appear on the cell surface of certain types of bacteria without the need of genetic modification, bacteria such as Lactobacillus plantarum can be designed with surface peptides that can bind to things like heavy metals, and could possibly be used for environmental cleanup while attenuating the risk that GMOs may pose once released into the environment [93] . In addition to practical applications such as environmental remediation that potentially hold great commercial and societal relevance, the biologic Bmessenger functions^of bacterial cell wall-derived muropeptides [94] are substantial. For example, synthetic peptidoglycan precusors have been used to promote germination of bacterial spores [95] .
Bacteria-specific pathway targeting into teichoic acids
Few examples exist of MOE applied toward specific bacterial pathways that build teichoic acids, however, Memmel et al. have beautifully demonstrated an approach whereby azido modified N-acetyl glucosamine (GlcNAz) was used to metabolically engineer the surfaces of S. aureus (Fig. 8) [96] . After clicking with Alexa-488, adhesion to human bladder cancer cell line T24 was significantly reduced. This example highlights another potential strategy for using engineered carbohydrates to attack bacteria specific glycosylation of teichoic acids which, as discussed above in Section 2, are critical for ionically linking bacterial adhesive molecules. Manipulating the adhesive properties of pathogenic bacteria may in the future be specifically targeted with engineered carbohydrates for disruption to decrease virulence while simultaneously bypassing the inherent flaws that lead to antibiotic resistance that stems from the selective pressures imposed by most germicidal antibiotic treatments.
Bacteria-specific pathway targeting into capsule polysaccharides
Many bacteria that live in harsh environments surround themselves with polysaccharide capsules as a protective mechanism. An outstanding two-decade old example of this phenomenon are the polysialic acid capsules [97] that coat bacteria that live in a variety of harsh environments ranging from sewage to the human body, where the bugs are under assault from the host's immune system. Insofar as one purpose of polysaccharide capsules is to shield pathogenic bacteria from the human immune system, the ability to chemically modify these sugars to render them immunogenic opens the door to new therapeutic strategies [98] . In the particular case of polysialic acid, it was also about 20 years ago that the Jennings' group showed that a simple modification to the N-acyl group of sialic acid -specifically a one carbonyl extension of the N-acetyl group -provided the resulting BSia5Prop^epitope with enhanced immunogenicity [99] . In subsequent work the ability of BProp^(and longer chain [36] ) sialoside analogs to be incorporated into mammalian polysialic acid has been extensively investigated but primarily only in mammalian cells. Therefore, it remains an intriguing possibility that MGE techniques can be exploited to install non-natural monosaccharides into polysialic acid and other polysaccharides that pathogenic bacteria use to escape detection by the human immune system.
Future directions: targeting species-specific glycosylation pathways in bacteria
A recent review by Emmadi and Kulkarni has highlighted the chemical synthesis of particularly fascinating and extremely rare monosaccharides used by certain species of bacteria [100] . For example, 2-acetamindo-4-amino-2,4,6-trideoxy-Dgalactose (AAT, Fig. 9 ) is expressed on the O-specific side chain of Shigella sonnei LPS, a bacterium that causes dysentery [101] . A similar sugar, 2,4-diacetamido-2,4,6-trideoxy-D-galactose (DATDG) was discovered to be directly attached to Neisseria meningitidis pili, which are essential filamentous protein structures for adhesion [102] . In another example, N--acetylfucosamine (FucNAc) is incorporated into the glycans that decorate the pili of Pseudomonas aeruginos, which is a Fig. 7 MGE of LPS. Azidomodified KDO (natural KDO is shown in Fig. 5 ) can be metabolically incorporated into the LPS core structures (see Fig. 3 ). Once incorporated into LPS components, the azide group can be tagged with alkyne-conjugated fluorophores using the BClickr eaction resulting in fluorescently tagged bacteria major virulence factor [103] . P. aeruginosa often causes severe infections for patients with compromised immune systems. In a final example given here, D-xylo-6-deoxy-4-ketohexosamine (DKH) was both identified in and deemed crucial for the biological role of the LPS outer core of Yersinia enterocolitica, a bacterium that causes Yersiniosis when raw or undercooked pork products are consumed [104] . The sampling of rare monosaccharides just mentioned, and quite possibly additional ones yet to be discovered, provide a unique opportunity for MGE, where a similar strategy of azido or alkyne labeling of the aforementioned rare monosaccharides can be used to MGE extremely specific species of bacteria. Additionally, the metabolic pathways that synthesize and incorporate these rare sugars may also provide very attractive targets for inhibition. Such a narrow window of treatment is virtually unachievable with our current stockpile of antibiotics and therefore the targeting of extremely rare bacterial monosaccharides could, in theory, provide a therapeutic window for selective treatment of relevant infectious disease while avoiding the side effects that result from indiscriminately destroying the beneficial microbiome. A union between newer and very powerful bioanalytical techniques and modern chemistry may pave the way for both identifying other rare monosaccharides utilized on a bacterium species specific level and using identified rare monosaccharides as scaffolds for MGE . In the wake of the emerging threat of bacterial resistance and the dearth of a new generation of antibiotics in the pipeline, it is clear that newer paradigms need to be explored for both novel and very precise ways to treat infections. Ultimately, it would not be surprising if glycobiology and MGE were at the forefront towards these efforts. Fig. 8 MGE of teichoic acid. Azido-modified GlcNAc (GlcNAz) can be metabolically incorporated into teichoic acids, which can be further conjugated using click reactions shown in Fig. 7 to again fluorescently label the bacteria or alternatively, to conjugate non-adhesive moieties on the surfaces of the bacteria towards endpoints such as the avoidance or destruction of biofilms Fig. 9 Bacterial monosaccharides that are candidates for more selective replacement using MGE. Azido or Alkyne groups, in theory, could be incorporated onto the rare sugar scaffolds shown. The engineered rare monosaccharides would then be used for species specific MGE of bacteria, as indicated by color
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Recombinant glycoprotein production Challenges in manufacturing therapeutic proteins in bacteria
The recombinant protein industry has grown greatly in recent times and is projected to become a $200 to 300 billion market within the next 5 years. While they suffer certain limitations, bacteria have many advantages over mammalian production systems for the manufacturing of therapeutic proteins including low cost, high productivity and ease of adaptation [105] . The main limitation of bacterial systems is that bacterial cells have primitive folding and secretion machinery and in most cases don't have the necessary glycosylation machinery to produce and secrete properly folded mammalian proteins [106] . Various strategies such as lysis and chaperone assisted folding to renature cytoplasmic proteins [107] and tight control of the E. coli cellular milieu during production [108] have ameliorated the Bprotein folding problem^inherent in prokaryote manufacturing of recombinant proteins.
A lack of glycosylation, however remains a major hurdle in the use of bacteria to mass produce recombinant mammalian proteins because glycosylation is known to have a profound impact on their functioning. Glycans play roles in organizing the primary amino acid sequence of a protein into secondary, tertiary and quaternary structures [109] [110] [111] [112] ; for example, large polar oligosaccharides can help direct the nearby peptide towards the surface of the protein [113] [114] [115] . Glycosylation also has an integral role in signal recognition as well as in glycoprotein clearance [116] [117] [118] . Finally, implications of deficient glycosylation in bacterial expression systems extend beyond folding and secretion insofar as glycan moieties are important determinants of in vivo activity and pharmacological properties when therapeutic proteins are introduced into the human body.
Towards mammalian-like glycosylation in prokaryotes
Encouragingly, a number of studies show evidence of protein glycosylation in bacteria that, if properly controlled and manipulated, hold promise for the production of therapeutic glycoproteins [119] [120] [121] [122] [123] [124] . For example, Campylobacter jejuni provides a singular example of a bacterium with a well characterized N-glycosylation pathway [125, 126] but atypical Nglycosylation systems have also recently been reported in Haemophilus influenza [127] . The high-molecular-weight adhesin 1 of H. influenzae that is responsible for interacting with the sialylated N-glycoproteins on the host cell's surface has been found to be glycosylated at 31 sites [128] . In contrast, O-glycosylation systems have been well characterized in a number of bacteria [129, 130] . While the function played by O-glycans is still relatively obscure, certain studies suggest that these glycans may help to protect the bacteria from immune recognition [131, 132] and it is an intriguing possibility that the O-glycan biosynthetic machinery can be exploited to improve recombinant protein production and quality.
A cautionary aspect of potentially substituting O-glycans for N-glycans, however, is that in addition to the simple presence of glycan structures on a recombinant protein, the actual composition of the carbohydrate moiety is a critical determinant of biological activity in many cases. This principle is exemplified by antibodies where the composition of the glycan attached to the constant domain of an IgG antibody has a pronounced effect on its binding affinities [133] . Furthermore, the presence or absence of fucose and sialic acid on the glycan present in the Fc region of an antibody can act as a switch between pro-and anti-inflammatory activity [134] [135] [136] . While it remains important to ensure that proteins are glycosylated, glycans maintain very specific compositions to tune biological activities in many cases. Therefore the exciting discovery of glycosylation machinery in certain bacteria that in principle can provide a means of mass producing glycosylated recombinant proteins that bear a closer resemblance to those produced in mammalian cells remains tempered by the stringent demands to very closely reproduce Bhumanizedĝ lycopatterns. Towards this end, MGE strategies can be a useful tool to alter these glycans by increasing sialylation or by introducing modified sugar analogs into them, allowing us to tune them to some degree to better resemble their mammalian counterparts.
Production of nucleotide sugars and oligosaccharides
Metabolic considerations beyond glycosyltransferases: Nucleotide sugar production One of the key concepts of metabolic engineering is the idea that a better understanding of metabolism and cellular function can be attained by considering a set of reactions in their entirety rather than focusing on individual components in isolation. Hence, it is often critical to shift attention away from individual enzymatic reactions and towards to the entire integrated metabolic network [137] . Nascent efforts to produce recombinant glycoproteins in prokaryotes (e.g., as described in Section 4 above) illustrates this concept insofar as the ability of certain bacterial species or strains to produce different types of glycans fundamentally depends on glycosyltransferase expression. An equally critical part of glycan production, however, is the availability of nucleotide sugars that serve as essential high energy, activated co-substrates for glycosyltransferase reactions. The complex interplay between metabolic contributions -e.g., nucleotide sugars -and the canonical biosynthetic enzymes -e.g., sialyltransferases -is provided in the overview shown in Fig. 10 .
The supply of these nucleotide sugars are likely to be limited in host cells that have metabolic networks not optimized for over-expression of glycoproteins, which are relatively rare even in species capable of their production. As a consequence, prospects for oligosaccharide or glycoprotein biosynthesis using bacterial glycosyltransferases through expression in E. coli or other bacterial species on an industrial scale can be rate-limiting. In principle, this shortcoming can be overcome by nucleotide sugar regeneration and strategies towards achieving the efficient production of these compounds have focused on (i) in situ regeneration of the natural sugar nucleotides and (ii) preparation of unnatural sugar nucleotides, having a simpler structure and consequently a lower price [138] .
Enzymatic regeneration of natural nucleotide sugars is one strategy that has been pursued to increase efficiency, lower the cost of sugar donors, and also eliminate the problem of product inhibition which is caused by the released nucleoside phosphate towards the glycosyltransferase, and thus facilitate the synthesis of oligosaccharides on a large scale [139] . In this manner, the expense of sugar nucleotides, and product inhibition of the glycosyltransferase by the resulting nucleoside dior mono-phosphates (NDPs or NMPs) are overcome by using enzymes such as pyruvate kinase and phosphoenolpyruvate (PEP) [140] . Furthermore, new inexpensive kinase catalyst systems such as polyphosphate kinase/polyphosphate serve as an alternative to the pyruvate kinase/PEP system [141] . Recycling systems for UDP-Gal incorporating UDP-Gal 4-epimerase (UDPGE) [142] have been reported for the largescale synthesis of N-acetyllactosamine (LacNAc), which solve the problem of β-1,4-galactosyltrasferase product inhibition and reduced the cost of expensive sugar donor.
Oligosaccharide production: coupling nucleotide sugar production with glycosyltransferases Oligosaccharide production can be facilitated by Bmix and match^combinations of biosynthetic components from different bacterial strains, which is conceptually illustrated in Fig. 10 . In such synthetic schemes, coupling of bacterial genes can be achieved in cells permeabilized by treatment with surfactants or organic solvents and used as enzyme bags. Highenergy phosphates such as phosphoribiosylpyrophosphate and ATP can be supplied by the metabolism of glucose in the cells. In a similar manner, CDP-choline has been produced by the combination of Corynebacterium ammoniagenes and recombinant E. coli cells expressing the genes involved in the biosynthesis of CDP-choline. One important advantage of using intact living cells is scalability because this approach avoids expensive starting materials and enzyme isolation; essentially, once an appropriate strain has been engineered, it can be easily scaled-up in a fermentor to produce large quantities of product. In one example, genetic manipulation of sugar nucleotide biosynthetic pathways in microorganisms enabled preparative scale synthesis of UDP-Gal [143] . However, because of the high cost of nucleotide sugars, they essentially comprise a bottleneck in chemoenzymatic or automated synthesis of carbohydrates [144, 145] . Consequently, innovative methods to generate these valuable compounds in bacterial systems hold substantial medical importance [146] .
Bacterial production systems have enabled the synthesis of several notable carbohydrate structures. One example is the 2,6-Sialyltransferase Fig. 10 Synthesis of Neu5Acα2-6GalNAc by combining CMPNeu5Ac production with an E. coli strain that overproduces the α2,6-sialyltransferase synthesis of the globotriose trisaccharide without sideproducts from simple and inexpensive starting materials [147] by using three bacterial strains: C. ammoniagenes for production of UTP from orotic acid (again shown in Fig. 10) , recombinant E. coli containing genes for UDP-galactose synthesis, and another recombinant E. coli strain possessing α-1, 4-galactosyltransferase. Coupling of these three strains enabled production of 266 mM (134 g/L) of globotriose with lactose supplied as the acceptor. Similar strategies were also used to produce the disaccharide, N-acetyllactosamine, sialylated oligosaccharides, and a Lewis x trisaccharide [147] [148] [149] [150] . Product concentrations were also impressive, ranging from 20 to 140 g/L. Using this approach, sugar nucleotides including UDP-Gal, CMP-Neu5Ac, UDPGlcNAc and GDP-Fuc have been successfully produced on a large scale [151] .
The use of innovative bacterial production systems for production of important carbohydrate structures has had several addition notable successes. P. G. Wang's group has been at the forefront of these efforts with pioneering efforts such as the 2002 report of Bsuperbugs^capable of producing the α-Gal carbohydrate epiptope [152] . To give a brief perspective on the medical importance of the α-Gal carbohydrate structure, this trisaccharide is involved in immuno-rejection of xenotransplanted porcine organs [153, 154] and also has been implicated in severe anaphylactic shock in therapeutic antibodies used to treat cancer patients [155, 156] . However, these systems are not generally utilized as extensively, due to some of the enzymes required for the regeneration schemes being difficult to obtain. Recent advances in sugar nucleotide recycling systems include efforts in engineering and chemical synthesis. Unnatural azide-containing sugar analogs of sialic acid [45] , N-acetylgalactosamine (GalNAc) [157] , Nacetylglucosamine (GlcNAc) [158] and fucose (Fuc) [159, 160] have been incorporated into several classes of eukaryotic cellular glycans without the disruption of further glycan elaboration of the glycoproteins. Based on the observation that GlcNAc is a common metabolic precursor to bacterial monosaccharides, Goon et al. exploited a peracetylated version of GlcNAz, Ac 4 GlcNAz, to metabolically label and profile H. pylori's glycoproteins [63] . Peracetylation of this nonnatural sugar facilitates its cellular entry, where it is converted to GlcNAz, processed by cellular machinery, and ultimately incorporated into glycoproteins. Treatment of H. pylori with Ac 4 GlcNAz resulted in robust azide-labeling of a large number of glycoproteins [71] .
Summary and conclusions
Glycans of Gram-positive and Gram-negative bacteria are key structural features that are omnipresent and can be potentially exploited through glycometabolic and glycoengineering approaches in order to achieve anything from targeted drug delivery to engineering bacteria with specialized surface features for industrial settings. Through use of various MGE approaches, characteristics of bacteria can be manipulated without requiring exogenous genetic manipulations that come with their own concerns. Many challenges still lie ahead for targeting bacterial glycans with unnatural carbohydrates or designing glycomimetics based off of bacterial carbohydrate based precursors, but the glyco approach provides an enormous new venue through which new therapies can be developed in order to tackle the growing problem of drug resistant pathogens and, conversely, could be used to beneficially engineer bacteria for industrialized purposes, such as for environmental remediation and energy production.
